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In t roduct ion  

Five e l e c t r o p h o r e t i c a l l y  d i s t i n c t  f o r m s  o f  l a c t i c  dehydrogenase 

(LDH) have been observed i n  most a n l m l s  s o  far  examined. '-6 These 
t mul t ip l e  molecular fo rms  a r i s e  from t he  combination o f  t w o  d i s t i n c t  

types  o f - p r o t e i n  subuni t s  i n t o  the te t ramer ic  f o r m s  o f  a c t i v e  LDH. 

One type is designated as "H" type and the  o the r  as "M" type. The 

nomenclature o f  t h e  subun i t s  is derived f rom t h e  f a c t  t ha t  t n e  LDH 

t 

fo rm composed of  

t a l  muscle of a d u l t  organisms, whereas the  H f o r m  i s  c h a r a c t e r i s t i c  

o f  a d u l t  h e a r t  type t i s s u e s .  ' 
fo rms  o f  LDH thus  a r e  molecular h y b r i d s  o f  muscle type and h e a r t  

type LDH, and e x h i b i t  s t r u c t u r a l  and func t iona l  p r o p e r t i e s  that a r e  

f o u r  i d e n t i c a l  "M" subuni t s  (Mq) i s  found i n  skele-  

4 
The in te rmedia te  e l ec t rophore t i c  

a combination of  t he  two extreme forms.  798 

I n  order  t o  e s t a b l i s h  the  s t r u c t u r a l  r e l a t i o n s h i p s  between H 

and M subunits we have i nves t iga t ed  H4, M 4 ,  and hybrid LDH's f r o m  

20 species .  Amino a c i d  ana lyses ,  f i n g e r p r i n t  p a t t e r n s ,  lmmunologl- 

c a l  c r o s s  r e a c t i o n s ,  temperature s t a b i l i t i e s ,  and molecular weights 

have been employed t o  compare t h e  s t r u c t u r e s  o f  t h e  subuni ts .  Com- 

p a r a t i v e  a c t i v e  s i t e  determinations on h e a r t  and muscle type LDH's 

as  wel l  as & v i t r o  hybr id i za t ion  of subuni t s  have given some ln- 

d i c a t i o n s  o f  t he  s t r u c t u r a l  f e a t u r e s  requi red  f o r  t h e  c a t a l y t i c  

i n t e g r i t y  o f  t h e  enzyme. 

The func t iona l  d i s t i n c t i o n  be'tween t h e  t w o  types o f  subuni t s  

has been e s t ab l i shed  by determination o f  o p t i m a l  s u b s t r a t e  concen- 

c e n t r a t i o n s ,  comparative g;n values,  analogue r a t i o s ,  and turnover  

numbers. This f u n c t i o n a l  d i s t i n c t i o n  appears  t o  be o f  considerable  

importance i n  the  metabolism of  the t i s s u e  involved. The syn thes i s  

o f  t h e  t w o  types of  subunits i s  under t h e  c o n t r o l  o f  s epa ra t e  genes. L 4 , 9  
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Independent r egu la t ion  of these genes can g ive  r i s e  t o  varying pro-  

po r t ions  o f  H and M subuni t s ,  thereby c o n t r o l l i n g  t h e  r e l a t i v e  d i s -  

t r i b u t i o n  of  t h e  f i v e  LDH forms wi th in  a given t i s s u e .  

t i v e  c a t a l y t i c  p rope r t i e s  of t h e  two t y ~ e s  cf s u b i i i t s  a r e  adapted 

t o  t h e  metabolic environment of t h e  t i s s u e s  i n  which each subuni t  

The d i s t i n c -  

. 
predominates . 10 

I .  

S t r u c t u r a l  D i s t inc t ions  between H and M Subuni ts  

The mul t ip le  molecular forms  o f  LDH can be i d e n t i f i e d  on  t he  

basis o f  t h e i r  d i f f e r e n t  e l ec t rophore t i c  m o b i l i t i e s ,  and t h e  t w o  

types  o f  subuni t s  may be expected t o  e x h i b i t  o the r  d i s t i n c t i v e  

s t r u c t u r a l  f ea tu re s .  S t r u c t u r a l  d i s s i m i l a r i t i e s  between H and M 

subun i t s  have been inves t iga t ed  by amino a c i d  a n a l y s i s ,  pept ide 

mapping, immunological c r o s s  r eac t ion ,  and temperature s t a b i l i t y .  

Amino Acid Compositions o f  H and M Subunits.--The r e l a t i o n s h i p  

between t h e  primary sequences of h e a r t  and muscle types  of LDH’s 

f r o m  s e v e r a l  spec ie s  w a s  i nves t iga t ed  by comparative amino a c i d  

!able 1 a n a l y s i ~ ~ , ” * ’ ~  and t h e  r e s u l t s  a r e  shown i n  Table  1 ,  The H4 and 

M4 enzymes wi th in  a given spec ies  a r e  q u i t e  d i s t i n c t  i n  t h e i r  amino 

a c i d  compositions. 

o r  t h e  mammals show marked s i m i l a r i t i e s  t o  o t h e r  ava in  o r  mammalian 

H4 LDHPs. 

show s i m i l a r i t i e s  l i n k i n g  them more c l o s e l y  t o  one another  than t o  

t h e i r  corresponding H4 types.  

type and the  muscle type o f  LDH i s  p a r t i c u l a r l y  s t r i k i n g  among b i r d  

enzymes in t h e i r  values  f o r  h i s t i d i n e ,  th reonine ,  glutamic a c i d ,  i s o -  

l e u c i n e ,  l euc ine ,  and ty ros ine .  

I n  c o n t r a s t ,  t h e  H4 enzymes f r o m  e i t h e r  t h e  b i r d s  

Likewise, t h e  M4 enzymes f r o m  c l o s e l y  r e l a t e d  spec ie s  

This d i s t i n c t i o n  between the  h e a r t  

Comparative F inge rp r in t  P a t t e r n s  o f  H and o f  H Subunits.-- 

Addit ional  evidence f o r  t h e  s t r u c t u r a l  d i s t i n c t i o n  between h e a r t  



. 
3 

z 

and muscle type LDH is obtained f r o m  pept ide maps of t r y p t i c  d iges t s .  

For two  p ro te ins  w i t h  very c lose ly  r e l a t e d  primary sequences, t h e  

number o f  ninhydrin-posi t ive s p o t s  on a pept ide map should remain 

approximately t h e  same whether t h e  p ro te ins  = r e  f i n g e r p r i n t e d  sepa ra t e ly  

o r  as  an equimolar mixture. 

t h e i r  primary sequences, t h e  number o f  pept ides  common t o  b o t h  should 

be fewer. Thus, a t r y p t i c  f i n g e r p r i n t  o f  a 1:l mixture o f  t h e  more 

d i v e r s e  p r o t e i n s  should give a marked inc rease  in ninhydrin-posi t ive 

For p r o t e i n s  that a r e  more d ivergent  in 

. 

Table 2 s p o t s .  I n  Table 2 i s  given a peptide map comparison o f  h e a r t  and 

I 
I 
1 -  

I 

muscle type LDH's. The LDH from chicken h e a r t  appears  t o  be more 

c l o s e l y  r e l a t e d  t o  * the  turkey heart  enzyme than  t o  LDR from chicken 

muscle. While t h e  beef h e a r t  and chicken h e a r t  enzymes have under- 

gone cons iderable  evolut ionary change with r e s p e c t  t o  one another ,  

t h e  two h e a r t  enzymes s t i l l  appear t o  have r e t a i n e d  in common a 

l a r g e r  percentage o f  t h e i r  primary sequences than have t h e  H and M 

LDH's i s o l a t e d  from the  same species .  
4 4 

Immunological Re la t ionsh ip  between H and M Subunits.--The mos t  

s e n s i t i v e  measure s o  fa r  employed f o r  s t r u c t u r a l  comparisons among 

LDB's i s  t h e  micro complement ( C ' )  f i x a t i o n  technique o f  Wasserman 

and Levine13 as appl ied  t o  LDH's in our l abora tory .  3,14 

o f  excess anti-chicken-LDH required t o  achieve a uni t  c r o s s  r e a c t i o n  

w i t h  o t h e r  LDB's a c t i n g  as an t igens  becomes a measure o f  t h e  s t r u c t u r a l  

The amount 

Table 3 r e l a t i o n s h i p  among t h e  an t igens .  Table 3 c l e a r l y  demonstrates that 

I t h e  LDH's may be grouped i n t o  t w o  d i s t i n c t  s e r i e s  o f  s t r u c t u r a l l y  

r e l a t e d  p ro te ins ,  those which a r e  h e a r t  type LDH's, and those which 

a r e  muscle type enzymes. Moreover, t h e  degree o f  s t r u c t u r a l  d i s -  

s i m i l a r i t y  between t h e  H and t h e  M subun i t s  f r o m  a single spec ie s ,  

t h e  chicken, is a t  l e a s t  as extensive as t h e  d i s s i m i l a r i t y  between 

the H subuni t s  f r o m  chickenandbeef .  This poin t  f o l l o w s  from t h e  

I 
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f a c t  that M subuni ts  from chicken w i l l  no t  cross r e a c t  with a n t i -  

bodies t o  chicken H subun i t s ,  whereas H subuni t s  f r o m  beef w i l l  s o  

c ros s  r e a c t .  

D i f f e r e n t i a l  Temperature S t a b i l i t i e s  of  H and o f  M Subunits.-- 

A marked d i s t i n c t i o n  i n  temperature s t a b i l i t y  i s  apparent  between 

h e a r t  and muscle types  o f  LDH. 

f r o m  chicken o r  beef r e t a i n  enzymatic a c t i v i t y  a t  e levated tempera- 

Figure 1 shows that the S4 enzymes 

t u r e s  under condi t ions  that rap id ly  i n a c t i v a t e  t h e  M4 forms.  

subuni t s  r e t a i n  t h i s  s t r u c t u r a l  d i s t i n c t i o n  i n  the  hybrid f o r m s  of 

The 

LDH. This d i f fe rence  i n  temperature s t a b i l i t y  between H and M sub- 

u n i t s  suggests  s t r u c t u r a l  d i f f e rences  that permit t h e  H type of LDH 

t o  r e t a i n  conformation and c a t a l y t i c  i n t e g r i t y ,  whereas t h e  M type 

i s  n o t  s o  s t r u c t u r a l l y  S t a b i l i z e d .  

S t r u c t u r a l  S i m i l a r i t i e s  between H and M Subunits 

While considerable  d i s t i n c t i o n  between H and M subuni t s  o f  LDH 

i s  unmistakable, s i m i l a r i t i e s  a r e  a l so  presupposed on t h e  basis t ha t  

b o t h  types  o f  subuni ts  operate  as  LDH's. The s i m i l a r i t i e s  between 

h e a r t  type LDH and muscle type LDH extend t o  molecular weight and 

shape, a c t i v e - s i t e  su l fhydry l  pept ides ,  and subuni t  a s soc ia t ion .  

Molecular Weight and Shape of LDH's.--All t h e  LDH's so f a r  

examined i n  our l abora to ry ,  except t h e  beef H4 enzyme, e x h i b i t  es- 

s e n t i a l l y  t h e  same molecular weights r ega rd le s s  o f  whether t he  enzyme 

t e s t e d  i s  a h e a r t  type,  muscle type,  or hybrid LDH. The values  ob- 

T a b l e 4  ta ined  f o r  a s e r i e s  o f  LDH's a re  given i n  Table 4. With t h e  excep- 

t i o n  o f  t h e  H4 enzyme f r o m  beef, a l l  the  molecular weights seem, 

wi th in  t h e  range o f  e r r o r ,  t o  be a r o u n d  147 x 10 . This molecular 

s i z e  extends even t o  t h e  L-(+) - lac ta te  dehydrogenase i s o l a t e d  f r o m  

3 

T a b l e 5  Lac tobac i l lus  arabinosus.  The values  i n  Table 5 were a l l  determined 
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under i d e n t i c a l  condi t ions  by means of t he  Ehrenberg method o f  approach 

t o  sedimentation equilibrium. 11915 Independent determinat ions o f  

molecular weight by sedimentation and d i f f u s i o n  cons tan ts  gave ab- 

s o l u t e  values  about 10% l o w e r  than t he  molecular weights l i s t e d  i n  

Table 5. While t h e  abso lu te  values o f  t h e  molecular weights f o r  t hese  

LDH's i s  s t i l l  i p  ques t ion ,  t h e  e s s e n t i a l  constancy of t he  molecular 

weight f r o m  spec ies  t o  spec ies ,  for both E and M subuni t s ,  i s  well 

es t ab l i shed .  

Sedimentation cons tan ts  f o r  a number o f  LDH's have a l s o  been 

determined. l2 

LDH's examined. This f a c t  suggests that these  enzymes have the  same 

molecular shape (Table 5) .  

These cons t an t s  appear t o  be the  same f o r  a l l  t h e  

Ac t ive - s i t e  Sulfhydryl Peptide from HI, and PI), LDH's.--The 

opera t ion  of a s u l f h y d r y l g r o u p a t  t he  a c t i v e - s i t e  o f  LDH has been 

e s t ab l i shed  by seve ra l  workers. 16-23 The observat ion that  t h e  M4 

enzyme f r o m  b u l l f r o g  l e g  muscle has only one o r  t w o  su l fhydry l  groups 

per  subuni t  has permitted t h e  i d e n t i f i c a t i o n  o f  t he  region o f  t h e  

primary sequence tha t  con ta ins  t h e  a c t i v e  s i t e  t h i o l .  A dodecapep- 

t i d e  conta in ing  t h e  e s s e n t i a l  t h i o l  group l abe led  w i t h  iodoace ta te - l -  

C 1 4  has been i s o l a t e d  f r o m  a t r y p t i c  d i g e s t  o f  t h e  f r o g  muscle enzyme. 

A su l fhydry l  pept ide  o f  v i r t u a l l y  i d e n t i c a l  sequence has a l s o  been 

i s o l a t e d  f r o m  t r y p t i c  d i g e s t s  o f  four o the r  LDH's. These f o u r  LDH's 

included M enzymes from chicken and dogf ish  and H4 enzymes f r o m  4 
Table 6 chicken and beef. I n  T a b l e  6 a r e  shown t h e  amino a c i d  compositions 

o f  t he  su l fhydry l  pept ides  common t o  t h e s e  f o u r  LDH's and present  a t  

t h e  a c t i v e - s i t e  of f r o g  M4 LDH, 

c a l  pept ide  mixtures were obtained for each o f  t he  f i v e  peptide.  

This f a c t  demonstrates that t h e  sequences o f  t hese  pept ides  a r e  a l s o  

A f t e r  par t ia l  a c i d  hydrolysis, i d e n t i -  

i d e n t i c a l .  22'23 If th i s  s o l e  common su l fhydry l  pept ide  r ep resen t s  
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an  e s s e n t i a l  t h i o l  pept ide  i n  all t hese  LDH's, then i t s  presence i n  

bo th  types  o f  LDH is a c r i t i c a l  po in t  o f  s i m i l a r i t y  shared by b o t h  

H and M subuni ts .  

Table 7 Table 7 shows t h e  sequence o f  t h i s  important t h i o l  pept ide  as 

The comparison o f  t h i s  pept ide  i s o l a t e d  f r o m  chicken h e a r t  LDH. 23 

t o  a c t i v e  s i t e  t h i o l  p e p t i d e s  previnnely i d e ~ t i f i e d  ir; + U S A  '----I- U 3  G y l k G 8 -  

and i n  y e a s t  a l coho l  dehydrogenase @+,a5 phate dehydrogenase (TPD)  

(Y-ADH) and horse l i v e r  a lcohol  dehydrogenase (HL-ADH) 26,27 i s  a lso 

given i n  Table 7. If t h e  r e l a t i o n s h i p  among these  a c t i v e  s i t e  t h i o l  

pept ides  can be f u r t h e r  subs t an t i a t ed ,  t h e  common su l fhydry l  pept ide  

f r o m  t h e  LDH's may become a f ea tu re  r e l a t i n g  t h e  H and M subuni t s  

no t  only t o  one another  but also t o  some o the r  dehydrogenases. 

I n  v i t r o  Hybridizat ion of H and M Subunits.--The a b i l i t y  o f  H 

and M subuni t s  f r o m  a s i n g l e  species  t o  a s s o c i a t e  i n t o  t h e  t e t r amer i c  

f o r m  o f  t h e  a c t i v e  enzyme i s  i m p l i c i t  i n  t he  concept o f  hybrid LDH's. 

The a s s o c i a t i o n  of  t h e  two types of subuni t s  f r o m  the  same spec ie s  

i n t o  t h e  in te rmedia te  forms o f  LDH has been achieved v i t r o  by 

f r e e z i n g  and thawing under appropr ia te  condi t ions.  28-29 

of H and M subuni t s  t o  a s soc ia t e  i n t o  t h e  t e t r amer i c  fo rms  o f  LDH 

This a b i l i t y  

Fi'g.2 extends a l s o  t o  subuni t s  f r o m  qu i t e  d i s t i n c t  species .  Figure 2 r e -  

produces the  s t a r c h  g e l  e lec t rophores i s  p a t t e r n s  demonstrating i n t e r -  

spec ie s  hybr id i za t ion  between d o g f i s h  M4 and chicken H4 LDK's, between 

d o g f i s h  M4 and beef H4 LDH's, and between s turgeon M4 and beef H4 LDH's. 

I n t e r s p e c i e s  hybr id i za t ion  between H and M subuni t s  has a l s o  been 

T a b l e 8  achieved f o r  many o the r  species .  

i n t e r s p e c i e s  hybr id i za t ion  that have succeeded under the  condi t ions  

o f  mu l t ip l e  f r e e z i n g  and thawing o f  equimolar mixtures o f  LDH's i n  

t h e  presence o f  sodium ch lo r ide  and sodium phosphate bu f fe r  a t  pH 7.0. 

Where a binomial (random) d i s t r i b u t i o n  o f  subuni t s  has been obtained, 

Table 8 l i s t s  t h e  a t tempts  a t  
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t h i s  f a c t  i s  ind ica ted .  Species that f a i l e d  t o  hybr id ize  w i t h  one 

ano the r  under t h e s e  condi t ions  a r e  a l s o  l i s t e d .  

The M subuni t s  f r o m  b u l l f r o g  LDK d i d  n o t  hybr id ize  wi th  H sub- 

u n i t s  f r o m  t h e  same species .  A similar observat ion w a s  made w i t h  

amphiuxna LDH's. This unusual occurrence c o n f i r m  t h e  f i n d i n g  that 

n e i t h e r  f r o g  nor amphiuma LDH's show the existence of  hgbrit? fmm 

-- in vivo, Only t h e  H4 and N4 f o r m s  have been observed. Although 

f r o g  and amphluma LDH's f a i l e d  t o  fo rm hybrids  between t h e i r  own 

corresponding H and X subuni t s ,  t h e  I4 type f r o m  both  spec ie s  can 

f o r m  hybr ids  w i t h  LDH subuni t s  ( e i t h e r  M o r  R )  f r o m  q u i t e  d i s t i n c t  
spec ies .  30 

I n t e r s p e c i e s  hybr id iza t ion  o f  H and M subuni t s  demonstrates 

that i n  s p i t e  of t h e  considerable s t r u c t u r a l  d i f f e r e n c e  between t h e  

two types  o f  subuni t s ,  the fea tures requi red  f o r  subuni t  a s s o c i a t i o n  

i n t o  a c t i v e  te t ramers  a r e  re ta ined .  This f a c t  i s  e s p e c i a l l y  s t r i k i n g  

when t h e  subuni t s  being hybridized a r e  derived f r o m  spec ie s  that a r e  

taxonomically q u i t e  remote, 

The f a i l u r e  t o  ob ta in  hybr id iza t ion  i n  some cases  may r e f l e c t  

a d i f f e r e n c e  i n  r a t e  o f  hybr id i za t ion  under t h e  condi t ions  employed. 

Even i n  cases  where hybr id iza t ion  succeeded, d i f f e r e n c e s  i n  r a t e  were 

apparent  i n  t h e  varying number o f  f r e e z i n g s  and thawings requi red  t o  

achieve binomial d i s t r i b u t i o n  of subuni ts .  Whatever t h e  reason f o r  

f a i l u r e  t o  achieve hybr id iza t ion  i n  some cases ,  t h e  mechanism o f  

subuni t  a s s o c i a t i o n  is c l e a r l y  not simple and involves  some d i s t i n c t  

spec ie s  s p e c i f i c i t y .  This s p e c i f i c i t y  is f u r t h e r  demonstrated by t h e  

f a i l u r e  o f  beef H LDH t o  hybr id ize  with chicken muscle TPD o r  w i t h  

bovine serum albumin. Moreover, in v i t r o  hybr id i za t ion  w i t h  crude 

e x t r a c t s  of LDH shows no i n t e r f e r e n c e  with hybr id i za t ion  by o t h e r  

p r o t e i n s  present  i n  the crude e x t r a c t ,  

4 

31 
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Functional Significance o f  H and M Subunits 

The very presence of t w o  types of  LDH with in  a s i n g l e  organism 

sggges ts  e s p e c i f i c  func t ionz l  r o l e  f o r  each and a c s t a l y t i c  d i s -  

t i n c t i o n  between them. D i s t i n c t  c a t a l y t i c  d i f f e r e n c e s  can be ob- 

served f o r  H subuni t s  and M s u b u n i t s  i n  t h e i r  o p t i m a l  s u b s t r a t e  con- 

c e n t r a t i o n s ,  % values ,  r e a c t i v i t i e s  t o w a r d  coenzyme analogues,  

and turnover  numbers. 

appea r  t o  be adapted t o  operation in a r e l a t i v i t y  anaerobic environ- 

ment where a high concentrat ion of pyruvate may accumulate quick- 

Based on t hese  parameters, pll types o f  LDH 

l Y .  1911'32933 The concept of such a f u n c t i o n a l  r o l e  is supported 

by t h e  d i f f e r e n t i a l  repress ion  o f  syn thes i s  o f  M subuni t s  under con- 

d i t i o n s  o f  i nc reas ing  oxygen tension.  " 
r o l e  as wel l  as t h i s  d i f f e r e n t i a l  r ep res s ion  o f  syn thes i s  may be 

r e f l e c t e d  in t h e  f a c t  that t h e  proport ion o f  M subuni t s  is higher  

in those t i s s u e s  that func t ion  by means o f  an  anaerobic metabolism. 

This suggested f u n c t i o n a l  

1,394935 

O p t i m a l  Subs t r a t e  Concentrations and K Values f o r  H and M 
Iy 

Table 9 Subunits.--Table 9 summarizes the  e f f e c t s  o f  pyruvate and l a c t a t e  

on t he  opera t ion  o f  var ious h e a r t  and muscle type LDH's. 

m a l  pyruvate concent ra t ion  is about f i v e  times h igher  f o r  M4 enzymes 

than for t h e  corresponding H4 forms. 

func t ion  in a n  environment considerably h igher  in l a c t a t e  concentra- 

The o p t i -  

S imi l a r ly ,  t h e  M4 forms can 

t i o n  than  can the  H4 forms .  

and pyruvate i n d i c a t e  t h a t  the Mq f o r m s  bind t h e  s u b s t r a t e s  l e s s  

t i g h t l y  than  do t h e  H4 LDH's. 

The r e l a t i v e  Km values  f o r  b o t h  l a c t a t e  

11,12 

Coenzyme Analogue R a t i o s  and Turnover Numbers o f  H and M Sub- 

units.--By means of t h e  p r e f e r e n t i a l  i n h i b i t i o n  o f  H types  o f  LDH 

w i t h  high concent ra t ions  o f  pyruvate i t  is poss ib l e  t o  cons t ruc t  a 
- 
r a t i o  of r a t e s  of r e a c t i o n  that d i s t i n g u i s h e s  t h e  H enzyme from the  

4 
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Table 
10 

Table 
11 

M4 enzyme. 1,32,33,36 

reduced nicotinamide adenine d inuc leo t ide  a t  a l o w  pyruvate con- 

c e n t r a t i o n  [NHXDHL) versus t h e  reduced n a t u r a l  coenzyme a t  a pyru- 

va t e  concent ra t ion  s u f f i c i e n t  t o  i n h i b i t  t h e  H4 enzyme (NADHH) i s  

shown i n  Table 10. Use o f  t h e  hypoxanthine analogue a t  a l o w  pyru- 

vate sonsentrzticzi i nc reases  the s e u s i t i v i t y  o f  t h i s  r a t i o  but i s  

not  c r i t i c a l .  These analogue r a t io s  a r e  use fu l  f o r  d i s t i ngu i sh ing  

between the  c a t a l y t i c  operation of t h e  H and M types o f  LDY. The 

r a t i o s  a r e  important parameters f o r  t he  determination o f  t he  p ro -  

po r t ions  o f  H and M subuni t s  present i n  crude e x t r a c t s  o f  LDH. 

This r a t i o  w i t h  t h e  hypoxanthine analogue o f  

Table 10 a l s o  shows t h e  d iv i s ion  between H4 and M4 LDH's based 

on t h e i r  turnover  numbers. Por t h e  H enzymes these  values  remain 

a round  50,000, whereas f o r  t h e  M f o r m s  they  reach  twice that value.  4 
For some f i s h  N4 LDH's t h e  turnover numbers r each  values  c lose  t o  

150,000. 

4 

11,12 

D i f f e r e n t i a l  E f f e c t  of Oxygen Tension on t h e  Synthesis  of  H 

and M Subunits i n  Tissue Cultures.--The r a t e s  o f  syn thes i s  o f  H and 

PI subuni t s  of LDH have been inves t iga ted  with t i s s u e  c u l t u r e s  o f  

h e a r t  c e l l s  f r o m  monkeys, heart and muscle c e l l s  f r o m  chicken embryos, 

and kidney c e l l s  f rom new-born mice. 34 

a f f e c t e d  t h e  r a t e  o f  syn thes i s  o f  M subuni t s  without a corresponding 

e f f e c t  on t h e  r a t e  of  synthes is  o f  H subuni ts .  The r e s u l t s  o f  th i s  

t i s s u e  c u l t u r e  study a r e  given i n  Table 11. Decreasing oxygen ten-  

sion f r o m  one atmosphere t o  2.5% o f  one atmosphere caused an inc rease  

i n  t o t a l  LDH synthes is .  The proportion o f  H and M subuni t s  present  

i n  t h e  LDH was determined by means o f  t h e  r a t i o  o f  r a t e s  o f  r e a c t i o n  

a t  "low" t o  "high" pyruvate concentrat ion,  as  defined i n  Table 10. 

The amount o f  H subuni t s  present remained approximately unchanged, 

and t h e r e  was a p r e f e r e n t i a l  synthes is  of  M subuni ts .  Decreasing 

Var ia t ion  i n  oxygen t ens ion  
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oxygen tens ion  caused the  percentage o f  M subuni t s  present  i n  t h e  

t o t a l  LDH t o  r i s e  from 54 t o  69%. 

The s t imula t ing  e f f e c t  of l ow oxygen concentrat ion p e r s i s t e d  

f o r  48 hours a f t e r  a b r i e f  exposure t o  the  l o w  oxygen tens ion .  This 

sugges ts  that t h e  e f f e c t  of  oxygen t ens ion  i s  mediated by some f ac to r  

~ i t h  zc e e e z t i v e  l i f e t i m e  of 48 hours. 

Since chemical agen t s  causing a s h i f t  t o  anaerobic metabolism 

do n o t  mimic t h e  e f f e c t  o f  l ow oxygen t e n s i o n ,  t-hat e f f e c t  i s  l i k e l y  

t o  be independent of immediate r e l a t i o n s h i p  t o  any carbohydrate 

metabol i tes  . 
Thus, decreasing oxygen tension p r e f e r e n t i a l l y  e l i c i t s  t h e  

s y n t h e s i s  o f  t h e  LDH type which i s  b e t t e r  s u i t e d  t o  func t ion  under 

more anaerobic condi t ions.  The p r e c i s e  s ign i f i cance  of t h i s  obser- 

va t ion  i s  s t i l l  obscure, but the c o r r e l a t i o n  between func t ion  and 

r a t e  of syn thes i s  of  mu l t ip l e  molecular f o r m s  o f  a n  enzyme i s  o f  con- 

s i d e r a b l e  i n t e r e s t .  

Cor re l a t ion  Between Metabolic Environment and Proport ion o f  

H and M Subunits,--The a b i l i t y  o f  M subuni t s  t o  opera te  under con- 

d i t i o n s  o f  pyruvate concentrat ion i n  which the  corresponding H type 

i s  i n h i b i t e d  has been pointed out. This s e l e c t i v e  s u b s t r a t e  inhibi-  

t i o n  can be placed on a q u a n t i t a t i v e  basis by use o f  t h e  analogue 

r a t i o  def ined in Table 10. The analogue r a t i o s  e s t ab l i shed  f o r  

c r y s t a l l i n e  enzymes can then be employed t o  determine t h e  r e l a t i v e  

proport ion of H and M subuni t s  in crude e x t r a c t s ,  The proport ion of  

H and M subuni t s  determined by such an approach agrees  w i t h  t h e  r e -  

s u l t s  obtained by s t a r c h  g e l  e lec t rophores i s  and micro C' f i x a -  
t i on .  1 ,3 ,4 ,7 ,35  

With t h e  analogue r a t i o  as a measure o f  t h e  r e l a t i v e  amounts 

o f  H and M subuni t s  i n  var ious t i s s u e s ,  i t  i s  poss ib l e  t o  e s t a b l i s h  



1 1  

Table 
1 2  

.. 

a c o r r e l a t i o n  between t h e  percentage o f  S subuni t s  i n  a given t i s s u e  

and the type o f  metabolism of  t h e  t i s s u e . 4  

c o r r e l a t i o n  f o r  var ious ra t  t i s sues .  Tissues  that operate  in a 

r e l a t i v e l y  oxygen-rich environment ( h e a r t ,  kidney) have a high per- 

centage of H subuni ts .  The l e g  muscles have a h igh  proport ion o f  M 

subuni t s  i n  keeping with t h e  relatively anoxic z c n d i t i o r ; ~  *mder which 

they operate .  Diaphragm has an in te rmedia te  value. The r e s u l t s  ob- 

t a ined  f o r  l i v e r  vary widely depending on t h e  spec ie s  examined. 

Table 12 l i s t s  such a 

The r e l a t i o n s h i p  between oxygen t ens ion  and LDH type wi th in  a 

s i n g l e  organ, t h e  kidney, i s  a l s o  shown in Table 12. The i n t e r i o r  

l a y e r s  of t h e  kidney depend more on g l y c o l y s i s  than does the  cor tex .  

S imi l a r ly ,  oxygen t ens ion  is  known t o  decrease toward  t h e  cen te r  o f  

t h e  kidney. 37 

o f  M type  LDH observed i n  t h e  i n t e r i o r  l a y e r s  o f  t h e  rat  kidney. 

36 

These f a c t s  a r e  c o n s i s t e n t  w i t h  the  high percentage 

This c o r r e l a t i o n  between the  func t ion  o f  var ious tissues 

and t h e  type o f  LDH that predominates i n  the  t i s s u e  has been f u r t h e r  

r e f i n e d  w i t h  i nd iv idua l  muscles f r o m  r a b b i t ,  chicken, and humans. 

It has been observed that  pos tura l  muscles o r  those involved in 

rhythmic con t r ac t ions  have more H subuni t s  than those  muscles that 

a r e  s u b j e c t  t o  sudden b u r s t s  of a c t i v i t y .  This observat ion i s  con- 

s i s t e n t  with t h e  remarkable c o r r e l a t i o n  obtained between t h e  amount 

o f  H subun i t s  i n  t h e  b reas t  muscle o f  var ious  b i r d s  and t h e  f l ight 

h a b i t s  of  those b i rds .  35 

t h e  humming b i r d  o r  s t o r m  p e t r e l ,  had almost s o l e l y  H type subunits 

i n  t h e i r  b reas t  muscles. The breas t  muscles o f  f l i g h t l e s s  b i r d s ,  

such as the  chicken, o r  o f  poor f l i e r s ,  l i k e  t h e  pheasant, were found 

t o  be devoid o f  H subuni ts .  

8 

B i r d s  capable o f  sus ta ined  f l i g h t ,  such as 

In  human cancers of the  thyroid and colon, t h e  ad jacen t ,  unin- 

volved t i s s u e  i s  s u b s t a n t i a l l y  lower i n  t h e  proport ion of Pll subuni t s  
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Table 
13 

than  i s  the  tumor,  8938  as shown i n  Table 13. 

r o i d  and colon, t h e  p r o p o r t i o n  of  PI subuni t s  increased f r o m  32% and 

66$, r e spec t ive ly ,  t o  about 85%. Thus, t he  high r a t e  o f  g l y c o l y s i s  

t h a t  t akes  place i n  malignant t i s s u e  i s  accompanied by a s t r iking 

i n c r e a s e  i n  t h e  type of LDH that i s  b e t t e r  s u i t e d  t o  func t ion  in 

In tumors  o f  b o t h  thy- 

v a l y c o l y s i s .  

Summary 

On t h e  basis o f  s t r u c t u r a l  c h a r a c t e r i s t i c s ,  t he  l a c t i c  dehydro- 

genases (LDH's) may be divided i n t o  t w o  basic  types,  t h e  H type and 

t h e  M type. The s t r u c t u r a l  d i s t i n c t i o n s  between these  t w o  bas ic  

types extend t o  t h e i r  amino a c i d  compositions, t o  t h e i r  primary 

sequences as measured by comparative f i n g e r p r i n t  p a t t e r n s  and i m -  

munological c r o s s  r e a c t i o n s ,  and t o  t h e i r  temperature s t a b i l i t i e s .  

I n  s p i t e  o f  t he  marked d i f f e rences  between t h e  t w o  types  o f  

LDH subuni t s ,  important s t r u c t u r a l  s i m i l a r i t i e s  a r e  r e t a ined .  The 

H and M subuni t s  a r e  similar i n  molecular weight and shape. They 

possess  t h e  i d e n t i c a l  a c t i v e  s i t e  su l fhydry l  pept ide,  and they can 

a s s o c i a t e  w i t h  LDH subuni t s  f r o m  a wide v a r i e t y  o f  spec ie s  i n t o  t h e  

hybrid f o r m s  o f  a c t i v e  LDH, 

The H and M subuni t s  o f  LDH show d i s t i n c t i v e  c a t a l y t i c  p rope r t i e s .  

The M types a r e  adapted t o  func t ion  a t  h igher  s u b s t r a t e  concent ra t ions  

than a r e  t h e  H types.  The synthes is  o f  M subuni t s  i s  s t imula ted  by 

l o w  oxygen tens ion ,  whereas t h e  syn thes i s  of H subuni t s  i s  not  af-  

f e c t e d  in t h i s  manner, The M type o f  LDH predominates i n  t i s s u e s  
I n 

t h a t  opera te  by a r e l a t i v e l y  anaerobic metabolism. 
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LY s 

E i  sa 

Arg 

ASP 

Thr 

Ser 

Glu 

Pro 

GlY 
A l a  

V a l  

Met 

I l e u  

Leu 

TYr 
Phe 

Try 

CY s 

Table 1 

Amino Acid Composition of Heart  Type L a c t i c  Dehydrogenase and Muscle 

Type L a c t i c  Dehydrogenase from Several Species  o f  B i r d s  and Mammals 12 

Chicken 
H4 M4 

Turkey 
H4 M4 

Pheasant 
H4 M& 

Rabbit  
H4 M4 

Beef 
H4 M4 

99 

30 

35 

129 

75 

107 
122 

38 

96 

88 

125 

25 

- 

- 
- 

s 
149 

31 

19 

22 

26 

- - 

112 

63 

35 

125 

51 

110 

102 

44 

104 

cvrrr 

ccr\ 

- 

81 

121 

31 

25 

2 

121 

27 

24 

26 

87 

25 

34 

132 
66 

100 

- 

- 
x 4  
43 

99 

94 

142 

28 

9 
139 
26 

21 

cm 

lyh 

-- 
-- 

97 

73 

35 
122 

cI"c\ 

3-x 

2% 
103 

57 
104 

75 
129 
28 

90 

124 

20 

24 

22 

- - 

-- 

97 

61 
45 

110 

5-1, 
92 

100 

51 

97 

93 
118 

30 

- 

& 
114 

21 

29 
24 

- 
Lh 

-- 

97 

33 
140 

48 

87 
120 

49 

92 

86 

135 

32 
84 

138 
20 

24 

r7vI 

-- 
-- 

104 

41 - 
x 
121 

46 

84 

121 

41 

109 

86 

131 

34 
82 

142 

26 

26 
-- 
16 

96 

ai 
2% 
132 

56 

97 

129 

46 

98 
80 

138 

36 

85 

143 

29 
21 

22 

17 

103 

2.2 
3k 
127 

48 

a7 

121 

51 
100 

78 

115 

32 

91 

136 

29 

29 
24 

26 

a Values l i s t e d  i n  boldface show t h e  d i s t i n c t i o n  between t h e  H 

forms and t h e  s i m i l a r i t y  among the  H4 forms  and among the M4 forms. 

and M4 4 



Table 2 

Fingerprint Patterns of Heart and Muscle Type Lactic Dehydrogenases 

7 The fingerprinting procedure is described in Pondy et al. 
_.- 

U)H type Number of ninhydrin-positive spots 

Chicken H4 

Chicken If4 

Turkey H4 

Beef K 

Chicken H4 

Chicken H4 

Chicken H4 

4 
+ chicken M 
+ turkey H4 

+ beef H4 

4 

34-38 

35-38 

33-35 

33-35 

50-53 

35-40 

45-47 



Table 3 

C r o s s  Reaction of Various Lactic Dehydrogenases with Antibodies 

to Chicken Heart and Chicken Muscle Lactic Dehydrogenase 
3 

LDH type 

Chicken H4 

Turkey H4 

Pigeon H4 

Frog H4 

Beef H4 

Dogfish H4 

Chicken M4 

Turkey M4 

Pigeon Bi 
4 

Frog M4 

4 Beef M 

Dogfish M4 

Antibody concentration required for 50% C'fixation 
Anti-chicken heart Anti-chicken muscle 

1.0 NO a" 
1.5 

2.2 

13 
80 

BOB 

a NCR = NO cross reaction. 

1..0 

1.2 

2.2 

40 

MCR 

NOR 
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Table 4 

, and Hybrid Lactic Dehydrogenases 4’ M4 Molecular Weights of H 

and of Lactic Dehydrogeaase from Lactobacillus arabinosus 12 

Species 

Beef 

Human 

Chicken 

Bullfrog 

Dogf ish  

a M.W. x 103 
H4 H4 

Lactobacillus a.rabinosusa 

Chicken H p 2  

Chicken RES 

153 

154 

146 

a A l l  values * 7. 



Table 5 
Sedimentation Constants for H4 and H4 Lactic Dehydrogenases and 

for Lactic Dehydrogenase from kctobacillus arabinosus 12 

Species 

Beef 

Human 

Chicken 

Turkey 

B u l l f r o g  

Dogfish 

Lobster 

520,w 
H4 #4 

7.45 7.32 
7.46 ---- 
7.31 7.33 

7.49 7.52 

7.56 

7.54 

7.40 

Lactobacillus arabinosus 7.50 
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Table 8 

In v i t r o  Hybr id iza t ion  of Lactic Dehydrogenase Subuni ts  29930 - 

H y  br  i d i  za  ti on Bin o m i s l  Pa t tern 

Chicken If4 + chicken H4 + + 
Chicken M4 + r a b b i t  H4 + + 

Chicken E + beef H4 + + 
Dogfish M4 + Chicken fIq f 1 

Dogfish N4 + beef H4 + + 
Dogfish H4 + l o b s t e r  M4 

Hal ibu t  M4 + r a b b i t  H4 + + 
Sturgeon Ep + beef H4 + + 
Bul l f rog  M4 + beef H4 + + 
B u l l f r o g  B4 + chicken H4 

Bul l f rog  M4 + b u l l f r o g  H4 

Amphiuma #4 + beef H4 

4 

- + 

4 

- + 
- 
- 

4 Amphiuma H + amphiuma H 4 
+ + 



Table 9 

Optimal Subs t ra te  Concentrations and ICm Values for Various 
11,12 Heart and Muscle Type Lact ic  Dehydrogenases 

Species 

Beef 

0 h i c  ken 

Turkey 

brog 

Dogfish 

R a b b i t  

e 

Species  

Beef 

Chicken 

Turkey 

Frog 

I Dogfish 

, Rabbit 

Optimal Pyruvate (M x 10 4 ) Opt imal  Lac ta te  (# x 10 4 ) 

=4 H4 H4 *4 

6 30 400 2000 

4 30 300 2500 

- 20 - - 

7 - 

gm” Pyruvate (H x 10 4 

H4 M4 

1.4 10.0 

0.9 3 . 2  

- 2.2 

- 1.4 

- 3 . 3  
1 . 1  - 

a Lacta te  (M x 10 4 ) 
Km 

HB Ma 

90 250 

70 400 

370 

830 

- 1100 

- 
- 

1 40 - 

Determined by r e c i p r o c a l  p l o t s .  a 
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Table 10 

Aaalogue Ratios and Turnover Numbers of Various Heart 
11,12 and Muscle Type Lactic Dehydrogenases 

b 
( BHXDH~/BADH~ la Turnover numbers 

Species H4 M4 H4 M4 
Beef 2.78 0.63 49,400 80,200 

Chicken 3.02 0.40 45,500 93 , 400 
Frog 

Dogfish 

Rabbit 

- - - 86,000 

- - - 109,000 

- - 41,500 - 

Ratio of rates of reaction of reduced hypoxanthine analog 

of nicotlnamide adenine dinucleotide (HHXDB) at a pyruvate 

concentration of 3 x M and of PSBDH at a pyruvate con- 

centration of 1 x M. 

a 

Represents moles NADH oxidized per mole of enzyme per 

minute at 25' at pH 7.5 with pyruvate at VmX. 
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Table 1 1  
c 

Effect of Oxygen Tension on Synthesis of H and H 
34 Subunits of Lactic Dehydrogenase 

Oxygen Tension T o t a l  LDH Total M Total H 
($ Atmospheric Pressure) Uni ts/Pla te Subunits Subunits 

95 0.99 0.54 0.45 

20 1.07 0.59 0.48 

10 1-26  c.80 0.46 

5 1.64 1.05 0.59 

2.5 1.77 1.21 0.56 

0 1.06 0.73 0.33 

P n  
2J22 

54 

55 

63 

64 

69 

69 



I 
Table 12 

Percentage of H Subunits i n  VQrious R a t  Tissues  4 

Tissue 

Heart  

Kidney 

Diaphragm 

Leg Muscles 

Liver  

Renal Zones 

Cortex 

Medulla 

Pap i l l a  

a Defined in Table 10. 

'YHXDHL/NADH~~ 

2.63 

2.76 

1.31 

1.05 

0.04 

3.12 

1.82 

1 .oo 

Calculated H Type 

78 

04 

20 

1 1  

2 

90 

44 

9 



I . 

Tissue 

Uninvolved 

Tumor 

Uninvolved 

Tumor 

Uninvolved 

Tumor 

Table 13 

Iasctlc Dehydrogenase in Human Tumors 3B9 8 

5 of M subunits 
Thyroid 

32 

82 

Colon  ( 1 )  

66 

85 

51 

93 

LDH (enzyme units/@;) 
W H 

47 100 

492 108 

88 

260 

Colon (2) 

88 

847 

46 

46 

82 

65 
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Figure Legends 
I 

Fig. 1 .  Heat s t a b i l i t i e s  o f  c r g s t a l l l a e  LDH's f rom chicken and beef 

removed from s t a r c h  grain.  The a c t i v i t i e s  o f  a l l q u o t s  a t  

var ious i n t e r v a l s  were measured w i t h  3 x M pyruvate and 

1 x H reduced nicotinamide adenine d inuc leo t ide  (NADH). 

F i g .  2. I n  vitro hybr id i za t ion  o f  H and M subuni ts  o f  LDH's from 

d ive r se  species .  

f r e e z e  and "slow" t h a w  o f  equimolar mixtures o f  t he  H4 and 

M enzymes i n  0.25 M sodium ch lo r ide  and sodium phosphate 

buf fer ,  pH 7.0, as described by Chilson, Cos te l lo ,  and 

Hybridization was achieved by "quick" 

4 

29,31 &plan. 
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